Systemic ketosis was induced in first-parity gilts by the isocaloric substitution of glucose with 1,3-butylene glycol to supply 20% of the total dietary energy beginning on 
Introduction
Due to the lack of body fat (de Passill~ and Hartsock, 1979) , a questionable ability to mobilize body lipid (Seerley et al., 1974) , little hepatic capacity to oxidize fatty acids (Bieber et al., 1973) and the lack of gluconeogenic capacity sufficient to balance glucose demand (Bieber et al., 1979) , the neonatal pig is dependent on tissue glycogen reserves as a source of metabolic fuel during periods of food deprivation (Boyd et al., 1978) . Mersmann (1974) concluded that the high rate of neonatal mortality in swine was attributable, in part, to inadequate energy deposition during uterine development processes, complicated by poorly developed metabolic pathways at the time of birth.
Gestation in both the human (Kyle, 1963 ) and the pig (Anderson et al., 1971) has been reported to be a diabetogenic event and as such a ketogenic stimulus [i.e., elevation of tissue /3-hydroxybutyrate (BOHB) and acetoacetate (AcAc) concentrations]. Previously, we reported that nutritional ketosis induced during the latter one-half of gestation in second-parity sows was associated with increased fetal hepatic glycogen content, increased glycogen synthase (active, not total) activity, decreased glycogen phosphorylase activity and increased neonatal pig survival. These observations suggested that maternal hyperketonemia altered fetal development by sparing glucose residues as the primary energy substrate supporting growth and development. This glucose-sparing effect made additional glucose available for glycogen synthesis. Scow et al. (1958) reported that ketone bodies readily traverse the placental membranes and, like glucose, equilibrate between maternal and fetal compartments. Robinson and Williamson (1980) CSupplied the following elements in ppm: Mn, 100; Fe, 100; Cu, 10; Co, 1; I, 3; Zn, 100.
development processes and maintain lipid synthesis of lactation in the dam during periods of maternal glucose conservation. This report describes the effects of dietinduced gestational ketosis on fetal hepatic and neural substrate utilization for oxidative and lipogenic purposes. The hypothesis that maternal ketosis has a glucose-sparing effect on fetal energy homeostasis relies on the ability of fetal tissues to adapt to ketone body utilization.
Materials and Methods
Forty-eight first-parity gilts were allotted to outcome groups based on body weight on the day of breeding. Animals were individually fed daily (1.5 kg) their respective treatment diet, which was calculated to provide 240 g of crude protein and 4.4 Meal metabolizable energy (table 1). All gilts were fed the glucose-supplemented (C) diet until either d 23 (23 BG) or d 60 (60 BG) of gestation, at which time assigned gilts were shifted to the diet containing 1,3-butylene glycol (BG). All gilts that returned to estrus after d 23 were removed from the 4Ayerst Laboratories, New York, NY 10017.
experiment. Except at feeding, gihs were group penned in open-front shelters with concrete flooring. Pens were equipped with automatic watering devices and straw was provided as bedding.
Approximately 2 h postprandial on d 85 of gestation, all animals were weighed and a blood sample was obtained by vena cava puncture to assess the ketogenic potency of the dietary treatments. Blood was treated with a heparin solution (30 units/ml of blood), chilled on ice and centrifuged at 1,800 x g. Plasma was deproteinized immediately by ZnSO4-Ba(OH)2 coprecipitation and analyzed for BOHB (Williamson et al., 1962) and lactate (Gutman and Wahlefeld, 1974) concentrations.
Five gilts were selected randomly from each of the dietary treatment groups to assess the effects of maternal treatment on fetal tissue substrate utilization on d 105 of gestation. Gilts were removed from feed for 24 h, tranquilized (25 mg Acepromazine maleate salt a, iv) and maintained under general anaesthesia with sodium barbital as an iv drip (60 mg/ml). The uterus was exposed by ventral midline incision and correct position of the uterine horns was based on the dorsal proximity of the cervical rings. This latter precaution was necessary to prevent intrauterine hypoxia from confounding residual treatment effects. The two fetuses adjacent to the cervical junction in each uterine horn were exposed, bled from the umbilical vein and severed from the uterus. Fetuses were quickly weighed and killed by intracardiac barbituate overdose (60 mg). Liver, brain and pancreas tissue were removed, weighed and the eviscerated carcass, minus the cranium, was frozen in liquid N2 for subsequent analyses. Portions (5 to 10 g) of liver and brain tissues were transferred to insulated vessels containing warm Hank's balanced salt solution s fortified with 25 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), pH 7.4, and transported to the laboratory for in vitro incubation. At the completion of the sampling process, the gilt was killed by barbituate overdose.
Thin sections of liver and cerebrum were prepared with a Stadie-Riggs microtome, weighed (100 to 200 rag) and transferred to 25-ml plastic Erlenmeyer flasks containing 3.0 ml of medium. The medium was Hank's balanced salt solution, which provided 5.6 mM glucose supplemented with 50 mM HEPES, pH 7.4, and 1 mg/ml fatty acid free bovine serum albumin. As indicated, flasks also contained [1-14C] sodium acetate or [3-a4C] BOHBsodium salt at a concentration of 10 mM (75 dpm/nmol). Appropriate correction for the BOHB substrate concentration was based on the assumption of a racemic mixture of D-and L-isomers. Flasks were gassed with 95% 02-5% CO2 for 5 rain, sealed with rubber serum stoppers supporting plastic wells lined with filter paper and incubated at 37 C for 2 h. At the completion of the incubation, .3 ml of 4 N H2SO4 was injected into the medium and .1 ml of 25% KOH was applied to the filter paper liner. Evolved CO2 was trapped during the ensuing 1 h incubation at 37 C. Tissue fragments were rinsed in warm saline and the lipid extracted with 2:1 chloroform:methanol (Folch et al., 1957) . Fatty acids were extracted into hexane after alkaline saponification. Substrate utilization rates were determined from the incubation products (i.e., CO2 and fatty acids) by liquid scintillation spectrometry corrected for sample quench by the channels ratio method.
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Carcass tissues were lyophilized for dry matter determination and pulverized with a silent cutter. Glycogen content of carcass and liver tissues was determined by glucose residue analysis (Hill and Kessler, 1961) after amyloglucosidase digestion (Rosebrough and Steele, 1980) . Rabbit muscle glycogen standards were processed similarly. Carcass protein and ash contents were determined by standard methods (AOAC, 1970) . Carcass lipid content was calculated by differerence from known constituents and liver lipid content was determined gravimetrically (Folch et al., 1957) . All blood samples were analyzed for hematocrit (McGovern et al., 1955) , hemoglobin (Crosby et al., 1954) , urea N (Chaney and Marbach, 1962) , glucose (Hill and Kessler, 1961) and insulin (Morgan and Lazarow, 1963) .
The remaining sows of each dietary treatment group (C = 10, 23 BG = 6, 60 BG = 11) were allowed to farrow and the newborn pigs weighed, ear-notched and treated with iron dextran (200 mg equiv.). On the day of parturition, all sows were switched to a common lactation diet that provided 160 g/kg crude protein and 3.1 Mcal/kg metabolizable energy at a feeding rate of 2.5 kg twice daily. All litters were weaned on d 21 postpartum.
Data were analyzed as a completely random design by standard least-squares procedures for unequal subclass numbers (Barr et al., 1976) . With consideration of the sow as the experimental unit and to minimize sampling effects, data on in vitro metabolism of fetal tissues were pooled within a litter. As noted, individual treatment means were compared by Duncan's multiple range test.
Results and Discussion
As indicated in table 1, BG was isocalorically substituted for glucose in the C diet to ensure that energy intake did not confound the metabolic and reproductive events measured. The metabolizable energy value of 6.0 Kcal/g BG was based on previous studies referenced from the rat (Miller and Dymsza, 1967) , the turkey poult and the growing and gestating pig Steele et al., 1982) . Cellulose was used as a non-nutritive filler and absorbent in the BG formulation. The decrease of dry matter digestibility often associated with fibrous feedstuffs (Gargallo and Zimmerman, 1980) was assumed to be minimal due tothe restriction of feed intake (1.5 kg'gilt -1 "d -1). As evident from the gestation weight gain (table 5), the utilization of energy was quite similar comparing the C and BG formulations.
Postprandial blood metabolite concentrations on d 85 of gestation are summarized in table 2. No effect of dietary treatment was evident in blood hematocrit, hemoglobin and lactate concentrations. Plasma glucose concentration was decreased by BG (C vs 60 BG, P<.05) independent of the length of BG treatment (23 BG vs 60 BG, ns). Paradoxically, this hypoglycemic response to treatment occurred with a concomitant depression of plasma insulin content (P<.05). Dietary BG decreased amino acid oxidation, or reciprocally increased protein utilization, assessed by the depression of blood urea N content. Of paramount importance to the theme of the current study, BG induced a threefold increase in blood BOHB concentration compared with C values. This ketogenic response to dietary treatment was transitory and preliminary studies revealed that plasma BOHB content was comparable in C and BG-treated animals within 8 h postprandial and after a 24-h fast. The ketosis, as induced by BG, has been reported to result from the substrate nonspecificity of hepatic alcohol dehydrogenase (Mehlman et al., 1975 ) with a corresponding shift in hepatic redox state, fl-hydroxybutyrate upon conversion to AcAc enters intermediary metabolism as acetyl-CoA, sparing mitochondrial citrate for the generation of two carbon fragments. Citrate accumulation inhibits glycolysis with the accumulation of fructose 6-phosphate, which inhibits glucose uptake. By such a mechanism, BG permits the specific induction of ketosis not confounded by lactic acidosis. Although there was no maternal hyperglycemia in response to dietary BG in this study, the effect of maternal hyperketonemia on fetal development and metabolism was permitted by BG dietary energy substitution.
Maternal (table 3) and to avoid the propensity of insulin to stimulate glucose metabolism at the expense of BOHB utilization (Robinson and Williamson, 1978 avalues represent nmol substrate utilized.2 h -1 9 100 mg -1 . The medium was Hank's balanced salt solution fortified with 50 mM HEPES, 1% fatty acid free bovine serum albumin and indicated substrate at a concentration of 10 mM. bcd .... ' ' means wltnm a row without a common superscript differ (P<.05). e Values tentative and approached sensitivity limit of assay.
affected by maternal diet-induced ketosis, while lipogenesis was increased (P<.05) as a result of BG treatment. This latter effect was due primarily to the increased rate of hepatic lipogenesis in the 23 BG treatment group. In those comparisons of acetate vs BOHB utilization, the acetate equivalency of BOHB must be doubled to account for the stereospecificity (3-14C label) of the 14C tracer. This equivalency was not corrected in the tabulated metabolic activity values.
Gestation weight gain was comparable regardless of gestation dietary energy source and the length of ketogenic energy source treatment (table 5) . Neither total litter size nor number of stillbirths were affected by maternal treatment. The small number of gilts in the 23 BG treatment group that carried to term may indicate that maternal ketosis increased embryonic mortality. The significance of dietary treatment on birth weight was attributed to the reduction of average birth weight of 23 BG litters. Because all sows were fed a common lactation diet, the increased weight gain by litters from 23 BG and 60 BG dams may result from a residual effect of gestation treatment on Despite the relatively large mass of hepatic glycogen available to the newborn pig for glucose homeostasis and thermogenesis, this energy depot is rapidly depleted within 24 h postpartum even if nursing is permitted (Boyd et al., 1978) . Muscle glycogen, which in total is more plentiful than liver glycogen, rapidly depletes during the early postpartum period; however, glucose derived from this depot is not available for blood glucose homeostasis due to the lack of glucose 6-phosphatase activity in this tissue. Carcass lipid of limited supply in the newborn pig is primarily structural in nature and, even with severe fasting treatment of the newborn pig, this energy depot is not totally depleted (Seerley et al., 1974) . Considering the high neonatal morality rate in the swine industry (10 to 25%), methods to improve the energy status of the newborn pig have received considerable research interest as a means to improve swine productivity. Late gestation fat-feeding (Seerley et al., 1974; Pettigrew, 1981) and maternal diabetes (Kasser et al., 1981) are treatments applied to the sow which have produced beneficial effects on fetal energy deposition and neonatal vitality.
The premise for this and a previous study was that such treatments as fat feeding and induced diabetes have a common metabolic loci as ketogenic stimulants. Consistent with the initial study, this report also found a beneficial effect of gestational ketosis on lactation performance measured by weaning weight. In contrast, no effect of maternal treatment on fetal hepatic glycogen deposition was observed. Others have reported that dietary BG can induce dramatic (Stahly et al., 1980) or only nominal (Boyd et al., 1982) increases in the amount of fetal hepatic glycogen deposition. These variances in response to dietary BG, similar to the spurious effects of fat-feeding on fetal energy deposition (Pettigrew, 1981) , may indicate that fetal glycogen deposition is not the primary metabolic effect induced in the fetus by maternal ketosis.
The increase of circulating ketone bodies during starvation, diabetes and gestation has been viewed as a clinical indicator of metabolic pathology, but Felig et al. (1978) have discussed hyperketonemia as a physiological adaptation for metabolic fuel homeostasis. By decreasing proteolysis and the production rate of gluconeogenic precursors while serving as a preferred oxidative substrate by neural tissues, hyperketonemia functions to maintain euglycemia and cellular function during periods of food deprivation. The use of dietary BG as a caloric source during gestation was intended to offer the fetus an alternative to glucose substrate for energy metabolsim. Robinson and Williamson (1980) have discussed that ketone body utilization rate by various tissues correlates well with the hierarchial essentiality of the tissue to the maintenance of the species. The differential effects of maternal treatment on neural and hepatic metabolism of the pig fetus may reflect this hierarchial need. The significant increase of neural BOHB utilization for oxidative metabolism and stimulation of acetate utilization for de novo lipogenesis by liver tissue would therefore be interpreted as physiological maturity induced by maternal BG treatment.
The carryover effect of gestational ketosis on lactation performance resides either in some aspect of fetal metabolism or, more likely, an adaptive response of mammary tissue metabolism measured as litter performance. Page and Williamson (1972) reported that various enzymes involved in utilization of ketone bodies for mammary lipogenesis, specifically acetoacetyl-CoA thiolase and acetoacetyl-CoA synthetase, adapt activity contingent on substrate availability. The exposure of mammary tissue to elevated circulating BOHB concentration before the onset of lactation may induce a metabolic efficiency not normally encountered with carbohydrate-base formulations fed to the gestating sow.
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